Abstract-The design, fabrication and cold test of a high frequency system (HFS) for an H-band (220-325GHz) sheet beam travelling wave tube (SB-TWT) is presented in this paper. The HFS was composed of a 90-period double-staggered grating waveguide and a pair of identical L-shaped couplers with Bragg reflectors and matching steps. The HFS was manufactured by Nano-CNC machining and its electromagnetic properties were measured by using a vector network analyzer. The measured S-parameters were in good agreement with the simulated ones, which predicted a 3 dB bandwidth of ~47.0 GHz. The maximum value of the measured transmission coefficient S21 was -4.9 dB and the in-band port reflection S11 was around -15.0 dB. Based on the cold testing-based HFS, simulations of the beam wave interaction predicted a stable output power of over 55.1 W in the frequency range of 230-280 GHz. In addition, the instabilities of the beam wave interaction were investigated in the simulation.
I. INTRODUCTION
he terahertz frequency band have received considerable interests due to their potential for diverse applications, including the high-resolution radars, high-data-rate wideband communications, electronic counter measures systems, and nonintrusive imaging [1] - [2] . So far, these applications have not been widely realized. One of the most significant factors is the lack of terahertz power amplifiers with moderate radiation power and wide bandwidth, thereby resulting in the expression "THz gap". The sheet beam travelling wave tube (SB-TWT) is a kind of competitive device that is helpful to fill the gap due to the high radiation power and broad bandwidth [3] - [6] . Compared with the pencil electron beam, the sheet electron beam (SEB) is advantageous as it could carry higher electron beam current by enlarging the lateral dimensions of the SEB [7] - [10] . As a result, the SEB with higher beam power contributes to higher power of SB-TWT. In addition, the planar configuration of the slow wave structure (SWS) associated with the SEB is relatively easier to machine.
In recent years, a variety of planar SWSs have been studied for millimeter-wave and terahertz SB-TWTs, including a 0.22 THz double-staggered grating waveguide (DSGW) [11] , a Ka-band three-slot double-periodic staggered-ladder coupled-cavity [12] , a G-band copper grating [13] , a V-band microstrip meander [14] , and a W-band sine waveguide [15] . Among these planar SWSs, the DSGW SWS has exhibited an intrinsically wide bandwidth and high power capacity. Likewise, different kinds of input/output couplers for SB-TWTs have been widely investigated, including an L-shaped power coupling structure with an oversized waveguide [16] , a ridge loaded L-shaped waveguide with a cutoff waveguide [17] , a L-shaped coupler with multistage matching steps and Bragg reflectors [18] , a Y-shaped coupler and its improved versions [19] - [20] , and a single branch waveguide coupler [21] . In this work, an H-band high frequency system (HFS) consisted of a DSGW SWS circuit and two L-shaped couplers with multistage matching steps and Bragg reflectors is studied.
When the operating frequency approaches to the terahertz band, the fabrication becomes increasingly challenging as the dimensions of the HFS scale with the operating wavelength. Furthermore the skin depth is in inverse proportion to the square root of the operating frequency, and the surface roughness has a significant effect on the ohmic loss and the transmission efficiency of the terahertz wave. More importantly, the assembling errors play a significant role in determining the electrical performance of the assembled micro-structures. A machining tolerance with a few microns, a surface roughness with hundreds of nanometers and a small assembling error are typically required in the fabrication of the HFS in a terahertz band SB-TWT. Considerable efforts have been made for the fabrication of the micro-structures in a terahertz vacuum electron device, such as the nano-computer numerical control (CNC) milling techniques [3] , [15] , [24] - [25] , LIGA (German acronym for lithography, electroplating, and molding) process techniques [13] , [26] , deep-reactive ion etching (DRIE) techniques [26] , wire cutting techniques [10] , [27] , and the 3D-printed mold electroforming [28] .
Although in-depth studies of the couplers [18] - [21] and the DSGW SWS [6] , [22] - [23] were conducted separately, this is our first report on the whole HFS. When the couplers and the SWS were combined together, the port reflection could be worsened and this could increase the risk of the oscillations. In this paper, matching steps were used to reduce the port reflections. The fabrication of the HFS also advanced the research of the SB-TWT at the terahertz frequency range. In Design, Fabrication, and Cold Test of a High Frequency System for an H-band Sheet Beam Travelling Wave Tube Guoxiang Shu, Junzhe Deng, Lulu Xie, Guo Liu, Liang Zhang, Jianxun Wang, Zhengfang Qian, Wenlong He T this work, an H-band (220-325GHz) HFS was machined by Nano-CNC machining and alignment islands and slots were introduced to reduce the alignment errors. It was shown that good machining and assembling accuracies were achieved. The cold test results were in good agreement with the simulation ones. Based on the cold testing-based model, the hot-cavity performances were studied. In addition, to study the interaction instabilities, PIC (particle-in-cell) models with different port reflections were simulated and zero-drive simulations were conducted.
The rest of the paper is organized as follows. The design and the characteristic analysis of the input/output coupler, the DSGW SWS, and the HFS are described in section II. Section III presents the machining and cold test of the optimized HFS. The beam wave interaction simulations and the analysis of interaction instabilities are presented in section IV. Finally, the paper is concluded in section V.
II. ANALYSIS OF COLD CAVITY CHARACTERISTICS
The HFS is one of the most critical parts of the SB-TWT. As shown in Fig. 1 , it mainly consists of an input coupler, a DSGW SWS, and an output coupler. An input coupler is used to input the seed signal generated from a low-power terahertz signal source while allowing the SEB emitted from the electron-gun to propagate into the beam-wave interaction region. The modulated SEB would transfer its energy into the terahertz wave in the SWS circuit. The amplified terahertz wave would be coupled out through the output coupler. The spent electrons would propagate forward and finally be collected by a collector. Generally, a HFS with low reflection, high transmission, good isolation, wide bandwidth, and easy-to-machine configuration is desired. 
A、Input/output couplers
The L-shaped coupler with multistage matching steps and Bragg reflectors was used for the power coupling as it had good electrical performances and could be machined together with the DSGW SWS into two halves. The input and output couplers were identical in this work. As shown in Fig. 2 , the L-shaped rectangular waveguide has a 90°-bend, which allows the terahertz signal input to/output from the H-plane of the SWS. It contributes to the assembling of the magnetic focusing system typically placed over the E-plane of the DSGW SWS. Its corners were chamfered to reduce the reflection caused by the corner discontinuity. A rectangular SEB tunnel was embedded after the L-shaped rectangular waveguide, with a same height as the SEB tunnel in the DSGW SWS. To further compensate for the junction discontinuity and enhance the impedance matching, two matching steps were introduced. The L-shaped rectangular waveguide was connected with the SWS and the WR3-flanged rectangular waveguide through matching step 1 and 2, respectively. To enhance the isolation, two Bragg reflectors with low Q-factor were added over the SEB tunnel to reflect back the terahertz signal propagating towards port 3. A curved profile conformed to the L-bend in the wide side of the Bragg reflectors was adopted to ensure that the phase difference between these two structures was almost the same, which would be beneficial to achieve a better isolation between the port 1 and 3 in a wider frequency bandwidth. In the simulation, the conductivity of the background material was set to be 2.0×10 7 S/m, which was the inferred value from the measured results presented in section III. The key dimensions of the input/output coupler were optimized by using CST Microwave Studio (CST-MWS) [29] . The optimized model with an electric-field (E-field) distribution at 250 GHz is shown in the inset of Fig. 3 . An optimized bandwidth of ~58.3 GHz (222.1-280.4 GHz) with transmission coefficient S21 higher than -0.3 dB, port refection S11 and S22 smaller than -15.0 dB, and isolation coefficient S31 better than -28.0 dB was achieved. In additional to the excellent electrical performances, the fabrication of this coupler was relatively easy. 
B、DSGW SWS
The dispersion property and coupling impedance were investigated by using an eigenmode solver in the CST-MWS. The inset of Fig. 4 (b) shows the optimized model of a one-period DSGW SWS cell for dispersion analysis with a period L of 510 μm, width w of 690 μm, beam tunnel height hbt of 120 μm, vane height hv of 250 μm, and vane thickness tv of 80 μm. As shown in the inset of Fig. 4(b) , the DSGW SWS operated at the TM11-like mode. It had a longitudinal component of the electric field (E-field), which was necessary for the longitudinal energy conversion between the terahertz wave and the SEB. 
C、High Frequency System
The HFS mainly consisted of a DSGW SWS circuit with 90 periods and two identical couplers as the input/output coupling structures. The attenuation to the electromagnetic wave by using the dielectric attenuators has been proved to be an effective method to suppress the interaction oscillations in the Ku and Q band SB-TWTs [6] . To suppress the potential oscillations, two identical dielectric attenuators made of BeO-SiC ceramic were loaded on the two H-planes of the SWS circuit, respectively. A lossy dielectric material with a permittivity of 12 and a loss tangent of 0.6 was used in the simulation. It should be noted that the made of the dielectric attenuators operating in the terahertz band is challenging. To minimize the reflections in the HFS, two identical matching steps A and B were introduced as shown in Fig. 1 .
The effects on the reflection and transmission characteristics from some key parameters of the HFS were studied, including the electric conductivity σ of the background material, length of the dielectric attenuator ld, width of matching step A(B) ws, width w of the SWS. As shown in Fig. 5 (a) , the transmission coefficient S21 would decrease when σ reduced due to the increase of the ohmic loss. As shown in Fig. 5 (b) , S21 would suffer from a dramatic reduction when ld increased, denoting a heavy attenuation from the dielectric attenuators. Such a heavy attenuation could also be achieved by increasing the width wd and thickness td of the dielectric attenuator. Fig. 5 (a) and (b) showed that the ohmic loss and the attenuation from the dielectric attenuators were two key factors affecting the level of S21. As shown in Fig. 5 (c), ws had a great effect on the port reflection S11. When ws was 0.7 mm, S11 was around -15 dB in a wide frequency bandwidth, denoting a good impedance matching. When ws departed from 0.7 mm, S11 became worse. As depicted in In additional to the parameters mentioned above, the shape, position, and other dimensions of the dielectric attenuators as well as the dimensions of the matching steps were optimized by using the CST-MWS to achieve low port reflection and wide bandwidth of the pass band. The optimized values of the height hs, length ls, and ws of matching steps A(B) were 0.41 mm, 0.60 mm and 0.71 mm, respectively. The optimized values of the position pd, td, wd, and ld of the dielectric attenuators were 17.5mm, 0.1 mm, 0.48 mm, and 1.5 mm, respectively. Fig. 6 (a) and (b) show the optimized S-parameters of the HFSes without and with dielectric attenuators, respectively. Except for the dielectric attenuators, the other parameters of the two HFSes were kept the same. As shown in Fig. 6(a) , S21 achieved a 3 dB bandwidth of ~62.5 GHz. S11 was smaller than -15.0 dB within a wide frequency bandwidth of ~ 60.0 GHz (219.5-279.5 GHz). The isolation coefficient S31 and S41 were both below -30.0 dB in a wide frequency bandwidth. As shown in Fig. 6(b) , S21 decreased to < -34.0 dB in the whole frequency bandwidth after the introduction of dielectric attenuators. Although S11 was increased due to the introduced dielectric attenuators, the level of S11 was still in an acceptable range, which was around -15.0 dB in the frequency range of 219.3-281.0 GHz. 
III. FABRICATION AND COLD TEST
To verify the designs, the optimized HFS was machined by using a CNC vertical machining center UVM-450C with a maximum rotation speed of 60,000 r/min. A machining accuracy of 2 μm and a surface roughness averages (Ra) of 40 nm was able to be achieved by using this machine. More importantly, to reduce the assembling errors, alignment island and slot were introduced. As shown in Fig. 7(a) , the HFS was machined into two halves along the E-plane through the center of the beam tunnel. The maximum depth of the cut was up to 475 microns per half. One half of the HFS was machined at the center of an alignment island on an oxygen free high conductivity (OFHC) copper block. The other half was machined at the center of a matched alignment slot on another OFHC copper block. The island and slot were designed to precisely mate to each other with very tight tolerances in all dimensions. To further reduce the alignment errors, four pairs of small matching rectangular islands and recesses were machined at the four corners of the two halves.
The two machined halves were assembled together after the cleaning of each half. As shown in Fig. 7(b) , a configuration with a size of 83 mm×16 mm×22 mm was achieved for the assembled device. A tight contact between the two halves was observed. The images of the DSGW SWS and the power coupler observed by an optical microscopy with an optical magnification of 20 are respectively shown in Fig. 8(a) and (b) . The structural dimensions in the xz plane were measured. Table  I makes The designed HFS in section II was remodeled to make the simulations to approach to the experimental measurements. The ohmic loss caused by the surface roughness was studied by using an effective conductivity [30] . In the remodeled HFS, the background material was set to be a lossy metal with a variable σ. Port 3 and port 4 were shorted due to the availability of a two-port vector network analyzer (VNA) and the lack of H-band matching loaders. Corner radius of 0.09 mm (tool diameter was 0.18 mm in this work) caused by the machining tool used in the nano-CNC milling was considered in the remodeled HFS. The alignment error between the two halves would probably happen in the process of assembly. In the remodeled HFS, a malposition of 0.06 mm along the z-axis was considered. In addition, all the designed dimensions in Table I were replaced by the measured ones in the remodeled HFS. Width of Bragg reflector 2 0.391 0.392 Fig. 9 presents the simulated S-parameters for the designed and remodeled HFSes, including the designed 4-ports HFS in section II using an σ of 2.0×10 7 S/m (HFS 1), the modified HFSes based on HFS 1 with an σ of 5.8×10 7 S/m (HFS 2), with an σ of 2.0×10 7 S/m and 2 ports (HFS 3), with an σ of 2.0×10 7 S/m, a chamfering r of 0.09 mm and 2 ports (HFS 4), with an σ of 2.0×10 7 S/m, a r of 0.09 mm, a modified w of 0.68 mm and 2 ports (HFS 5), and the final remodeled HFS based on HFS 5 considering the aforementioned malposition and fabrication errors (HFS 6). As shown in Fig. 9 , some modifications brought great influences on the S-parameters, including the change of σ, the corner chamfering and the deviation of w. It showed that the aforementioned modifications, except for the σ, had small effects on the level of S21 in the passband. σ could be regarded as the crucial factor to decide the level of S21. When σ was 2.0 × 10 7 S/m, the levels of the simulated and measured S21 agreed well. A surface roughness of ~150 nm was estimated when the effective conductivity was 2.0 × 10 7 S/m at 250 GHz [29] , which was reasonable for the nano-CNC milling. The corner chamfering and the variation of w decreased the bandwidth of the passband around the lower frequency end and had a considerable effect on the port reflection S11. In the simulation, a transmission dip occurred around 290.0 GHz when considering the malposition. Therefore, the measured transmission dip around 290.0 GHz was probably caused by the malposition in the process of assembly. Some other changes had tiny effects on the S-parameters, especially for the S21, including the modification of the two isolation ports, small variation of most dimensions, such as tv, ls2 and ls. Fig. 10 shows the assembled HFS without dielectric attenuators under cold test. The S-parameters were measured by using a well-calibrated VNA (AV3672E, 10 MHz-67 GHz) connected with two frequency extenders (AV3649A) with a frequency range of 220-325 GHz. As shown in Fig. 11 , the measured S-parameters and the simulated ones of HFS 6 were in good agreement in a wide frequency band. As shown in Fig.  11 , the measured S21 showed a pass-band with a 3 dB bandwidth of ~-47.0 GHz. The maximum measured value of S21 was -4.9 dB and the in-band port reflection S11 was around -15.0 dB. The measured results were indicative of satisfactory machining accuracy and surface roughness. Fig. 9 Simulated S11 and S21 for different remodeled HFSes. Fig. 10 . VNA measurement setup of the assembled HFS. Fig. 11 . Comparisons between the measured and simulated results. 
IV. BEAM WAVE INTERACTION SIMULATIONS AND INSTABILITY ANALYSIS

A、 Beam wave interaction simulations based on the cold testing-based model
To verify the designs and study the beam-wave interaction performances, PIC simulations were carried out by using CST Particle Studio. To make the simulations closer to the actual situation, the cold testing-based model in section III, i. e, the final remodeled HFS (HFS 6) was used. From the dispersion curve based on HFS 6, the optimal operating voltage has changed from 30 kV to 31.8 kV. A 31.8 kV, 0.2 A SEB with a transverse size of 0.6 mm×0.08 mm was injected into port 3 of the HFS with dielectric attenuators. The corresponding electron beam current density was ~416.7 A/cm 2 , which could be provided by nanocomposite scandate tungsten cathodes [3] . The filling factor of the electron beam was 58.8%. A sine seed signal with a center frequency of 250 GHz and input power of 0.18 W was input from port 1. The amplified signal was observed at port 2 and the spent electrons were collected at port 4 by a metal short plane. To focus the SEB, a constant axial magnetic field of 1 T was used in the simulation.
The power flow was found to be maximized at the end of the DSGW SWS circuit and obvious beam electron bunching and energy conversion were also observed, implying effective beam-wave interaction. As shown in the inset of Fig. 12 , a stable output voltage signal was observed at port 2. An output power of ~147.9 W was predicted with a corresponding gain of 29.1 dB and electronic efficiency of 2.3%. As shown in Fig. 12 , the corresponding frequency spectrum obtained by fast Fourier transform (FFT) of the output signal was pure. The most prominent peak was at 250 GHz, which was the same as the frequency of the input signal. To estimate the in-band interaction performances of the SB-TWT, PIC simulations were conducted at some representative frequencies. Fig. 13 shows the performances when the beam wave interaction reached the saturated state, including the saturated output power Pout, gain, electronic efficiency, and the required input power to reach the saturated state Pin. The saturated Pout, gain, and the electronic efficiency were respectively higher than 55.1 W, 16.8 dB, and 0.87% in the frequency range of 230-280 GHz (50 GHz). PIC simulations with an equal input power of 0.18 W were also conducted at these representative frequencies. As shown in Fig.   13 (a), the output power and gain were respectively higher than 2.9 W and 12.0 dB within the frequency bandwidth. The reduction of the power and gain at these representative frequencies was due to the fact that the interactions were under the unsaturation state. The sensitivity of the beam wave interaction performance to the variation of the HFS's dimensions was carried out. From the PIC simulations at 250 GHz with an input power of 0.18 W, it was found that the interaction performance was not sensitive to the variation of some structural dimensions, such as the height of matching step 2 hs2 and tv, as shown in Fig.  14(a) and (b). However, the variation of a small part of dimensions had non-negligible effects on the output characteristics of the SB-TWT, such as L. Fig. 14(c) gives the interaction performance dependent on L while keeping any other parameters unchanged. It was shown that when L was deviated to 0.49 mm and 0.53 mm, the amplifier would fail to work at the upper (such as at 240-280 GHz) and lower (such as at 230 GHz) band, respectively. It was due to that the deviation of L would directly affect the synchronous condition. When L was changed, the dispersion curves of the SWS mode and beam mode would both change and the operating voltage needed to be adjusted to re-reach the synchronous condition. 
B、 Investigation of the interaction instability
In a TWT, the interaction instability was easily caused by three types of oscillations: (a) regenerative oscillation, which was generally caused by the partial reflections at the input, sever, and/or output ends of the amplifier, (b) backward wave oscillation, and (c) absolute instability near the band edges [31] . When the SWS and couplers were combined, the port reflection would probably increase. More importantly, the fabrication and assembly errors tended to cause a high reflection in the actual situation. The instability analysis was conducted from two aspects: (a) PIC simulations based on HFS 6 under different port reflections and (b) zero-drive simulations based on HFS 6 under different beam voltages.
To study the effects of the port reflection on the stability of the beam wave interaction, S11 was intentionally worsened. The change of S11 was realized just by adjusting the height hs and width ws of matching step A(B) and keeping any other parameters unchanged. Such a change would not affect the beam wave interaction region. The simulations of the beam wave interaction under different S11 were conducted while all the other operating parameters were fixed, for example, the frequency and power of the seed signal were fixed at 250 GHz and 0.18 W, respectively. Table II gives the performances of the tube under some representative S11. It was found that a stable output could be achieved even though the port reflection reduced to a low level, for example -3.4 dB. As shown in the inset of Fig. 15 , a ripple was firstly observed in the output signal, but finally the output signal became stable. In addition, the corresponding frequency spectrum was clean. The stable operation under such a low S11 was probably attributed to the heavy attenuation from the dielectric attenuators. Generally, the regenerative oscillation would occur if the following equation was satisfied [32] .
where G is the gain of the TWT, L is the circuit loss, τin and τout are the reflection coefficients at the input and output ports, respectively. All the parameters are expressed in decibels and positive values. Due to the heavy attenuations, for example 38.5 dB as shown in Table II , the value of the right-hand side of Eq. (1) was still high (~45.3 dB) enough to prevent the regenerative oscillation happening. As shown in Table II , the Pout, gain, and efficiency were decreased with an increase of S11. This was probably due to that the input power taking part in the beam wave interaction would decrease with an increase of S11, resulting in an unsaturated operation condition.
To study the band edge oscillations, zero-drive simulations under different beam voltages were conducted. As shown in Fig. 16(a) , a time-domain output signal with a large magnitude of ~10.4 V was observed when the beam voltage was 31.5 kV. As shown in Fig. 16(b) , an obvious peak with a large relative amplitude at 290.9 GHz was observed in the corresponding frequency spectrum. Although a few peaks were also found at the lower frequency band edge, for instance 214.4 GHz and 233.4 GHz. However, their relative amplitude were much smaller than the one around the upper frequency band edge (The relative amplitude at 290.9 GHz and 233.4 GHz were -144.5 dB and -233.4 dB, respectively). Hence, the upper band edge oscillation dominated in this zero-drive simulation. Such a simulation result agreed with a conclusion given in reference [31] "An absolute instability will occur if the dispersion diagram is convex at that point if the beam line intersects the backward wave side of the circuit dispersion curve". As shown in Fig. 16(a) , the magnitude of the output signal greatly reduced and finally approached to zero when the beam voltage increased to 31.8 kV. As shown in Fig. 16(b) , a peak around 290.9 GHz also appeared in the frequency spectrum. However, its relative amplitude was much smaller than the one in the above 31.5 kV-model. Some peaks were also observed at the lower frequency band edge. Their relative amplitude was larger than the one observed around 290.9 GHz. Hence, the lower band edge oscillation dominated in this model. The magnitude of the output signal (See Fig. 16(a) ) and the maximum relative amplitude of the peaks (See Fig. 16(b) ) observed in the 31.8 kV-model were both much smaller than the corresponding ones in 31.5 kV-model. Therefore, it would be much easier to suppress the potential band edge oscillations when the beam voltage was 31.8 kV. Choosing an appropriate beam voltage would be helpful to suppress the band edge oscillations.
In spite of the aforementioned band edge oscillations, stable beam wave interactions still could be obtained. As shown in Fig. 12 and 15 , stable output signals and clean frequency spectrums were obtained when the beam voltage was 31.8 kV. Input-drive simulations under 31.5 kV were also carried out. It was found that stable outputs were also achieved in a wide frequency band centered at 250 GHz. It was showed that the band edge oscillations could be suppressed if the interaction between the SEB and the input signal was intensive enough.
V. CONCLUSION
An H-band HFS comprised of a 90-period DSGW and two identical L-shaped coupler with Bragg reflectors and matching steps as the input/output couplers was designed and studied. We have demonstrated a successful cold test on the nano-CNC milled HFS. Measured S-parameters matched well with the simulated ones, which predicted a 3 dB bandwidth of ~47.0 GHz. The maximum transmission coefficient S21 of -4.9 dB and port reflection S11 of around -15.0 dB were measured over that frequency bandwidth. Based on the cold testing-based HFS, the performances of the beam wave interaction, including the amplification characteristics and the interaction instabilities, were studied. It showed that a stable output power higher than 55.1 W was achieved in a wide bandwidth of 50 GHz (230-280 GHz). The designed HFS is adequate to be used in the construction of an SB-TWT operating at the H-band.
